Objective: Cross-breeding experiments with different mouse strains have successfully been used by many groups to identify genetic loci that predispose for obesity. In order to provide a statistical assessment of these quantitative trait loci (QTL) as a basis for a systematic investigation of candidate genes, we have performed a meta-analysis of genome-wide linkage scans for body weight and body fat. Data: From a total of 34 published mouse cross-breeding experiments, we compiled a list of 162 non-redundant QTL for body weight and 117 QTL for fat weight and body fat percentage. Collectively, these studies include data from 42 different parental mouse strains and 414 500 individual mice. Methods: The results of the studies were analyzed using the truncated product method (TPM). Results: The analysis revealed significant evidence (logarithm of odds (LOD) score 44.3) for linkage of body weight and adiposity to 49 different segments of the mouse genome. The most prominent regions with linkage for body weight and body fat (LOD scores 14.8-21.8) on chromosomes 1, 2, 7, 11, 15, and 17 contain a total of 58 QTL for body weight and body fat. At least 34 candidate genes and genetic loci, which have been implicated in regulation of body weight and body composition in rodents and/or humans, are found in these regions, including CCAAT/enhancer-binding protein alpha (C/EBPA), sterol regulatory element-binding transcription factor 1 (SREBP-1), peroxisome proliferator activator receptor delta (PPARD), and hydroxysteroid 11-beta dehydrogenase 1 (HSD11B1). Our results demonstrate the presence of numerous distinct consensus QTL regions with highly significant LOD scores that control body weight and body composition. An interactive physical map of the QTL is available online at
Introduction
Human obesity is a major risk factor for common diseases including non-insulin-dependent diabetes mellitus (NIDDM), cardiovascular disease, and stroke. In the Western hemisphere, its prevalence is increasing dramatically. 1 In addition to environmental factors, variant genes affecting energy balance, metabolism, and behavior are believed to be involved in the regulation of body weight and body composition in mammals. 2 Substantial progress has been made toward identifying genes that, when mutated or expressed as transgenes in the mouse, result in phenotypes that affect body weight and adiposity in either a positive (body weight and adipose mass increase) or a negative manner (body weight and adipose mass decrease), respectively. 3 However, as perhaps in all common diseases, human obesity is a genetically complex trait and has been attributed to the interaction of multiple variant genes with the environment. Because each of these genes only makes a small contribution to overall heritability, identification of relevant genes has so far been difficult. In addition to studies in humans, numerous genome-wide searches for obesity genes have been performed in mouse models. 4, 5 In this approach, two parental lines differing in an obesity-related phenotype are crossed to produce F 2 intercross or backcross populations that are then analyzed for molecular markers across the genome to search for obesity susceptibility loci (quantitative trait loci, QTL). These studies have shown a very complex picture of numerous QTL, contributing to the phenotype of an individual strain or outcross population. In fact, about 250 different animal QTL for obesity and obesityrelated phenotypes, including body weight, body fat, levels of plasma metabolites and hormones, metabolic rates, food intake, and feeding behavior, have been described. 3 Identification of obesity genes from these QTL, however, has been slow thereafter, as isolation of the critical chromosomal segments by classic breeding strategies and subsequent positional cloning of candidates is a difficult task. Moreover, it remains unclear whether all of these QTL are unique, or whether neighboring QTL represent different alleles at the same loci, or reflect the involvement of independent genes. However, as demonstrated recently, the increasing availability of high-density single-nucleotide polymorphism (SNP) maps of mice and consecutive in silico QTL mapping approaches may ultimately lead to the identification of susceptibility genes for complex traits. [6] [7] [8] As a systematic approach is necessary to identify candidate regions for such further analysis, we have performed a meta-analysis on 34 independent genome-wide scans in mice for obesity-related traits using the truncated product method. 9 Our analysis of 162 non-redundant QTL for body weight and 117 QTL for fat weight and body fat percentage reveals several major regions on chromosomes 1, 2, 7, 11, 15, and 17 that appear to be involved in the control of body weight and adiposity.
Methods
General search strategy, inclusion criteria, and selection of QTL Using key words, including 'QTL', 'body weight', 'fat weight', 'obesity', and 'adiposity', we conducted a comprehensive literature search of NCBI's PubMed database. In addition, we performed a manual search of reference lists from original research papers and review articles, and we queried the Mouse Genome Informatics (MGI) database for information on adiposity-related QTL. Studies that met all of the following criteria were included in our analysis: (1) mouse studies; (2) cross-breeding experiments that involved genome-wide scans; (3) providing measurements for phenotypic traits that directly assess body weight, body fat, or both.
In restricting the studies to genome-wide scans, we ensured that each chromosomal region from each scan may contribute equally to the combined evidence for linkage with body weight and body fat across the studies. In a second step, the QTL from the studies were categorized into three obesity component traits, body weight (bw), fat weight (fw), and fat percentage (f%). QTL for adiposity-related phenotypes such as plasma leptin levels, heat-loss, etc. were excluded. In a third step, redundant QTL (i.e. QTL for multiple adiposity component traits from the same study that map to the same position) were excluded. 
Physical mapping and visualization of QTL

Meta-analysis and statistics
The mouse genome (chromosomes 1-19 and X) was subdivided into 103 bins of approximately equal size (B25 Mbp). The QTL were assigned to the corresponding bins according to the location of the peak markers. For the analysis, we included all reported QTL that are linked with either body weight (bw), adiposity (fw, f%), or both. When a single study provided two or more QTL for the same trait that mapped to the same bin, we included these as one QTL with their highest logarithm of odds (LOD) score. We combined the reported LOD scores of the different studies by using the truncated product method (TPM). 9 Zaykin et al.
presented TPM, a generalization of Fisher's method, for combining P-values where only P-values below a certain threshold (t) are considered. This addresses the fact that most studies only report statistically significant results, that is, QTL with LOD scores exceeding a certain value.
10,11
Zaykin and co-workers derive the exact distribution of the product of these P-values under the null hypothesis by conditioning on the number of P-values less than t and suggest a Monte-Carlo method to compute the critical value when a large number of P-values has to be combined. LOD scores were transformed to w 2 -values of the log-likelihood ratio statistic by multiplying them with the factor 2 ln(10). 12 The corresponding P-values were used as input for TPM; unreported P-values were substituted with P ¼ 0.5.
In TPM, we set the truncation point t ¼ 0.05 as suggested, 9 so that the substituted P-values did not affect the result of the TPM method. Calculations were performed using a C þ þ program provided by Dr Zaykin. We regarded LOD44.3 as threshold of significance for linkage as proposed by Lander and Kruglyak. 10 
Results
Data collection
We performed a comprehensive survey of the literature for studies that aimed at identifying QTL for body weight and body fat in mouse cross-breeding experiments. As a result, we found more than 50 studies (full papers from PubMedindexed Journals; not shown) that reported mouse QTL associated with various obesity-related traits. Of these, 34 unique genome-wide scans for genetic markers that show Meta-analysis of QTL for body weight and adiposity S Wuschke et al linkage with either body weight, body fat or both were selected for our analysis (published between 1993 and 2004;  Tables 1 and 2) . From these studies, we compiled a nonredundant list of QTL for obesity-related component traits, including bw, fw, and f% (see Methods). In addition to total body lipid, several studies measured the fat mass from different depots including gondal fat pads, inguinal, retroperitoneal, mesenteric, and subcutaneous fat, respectively, and combinations thereof (Table 3) . Finally, our data collection procedure resulted in a compilation of 162 nonredundant QTL for body weight and 117 QTL for fat weight/ percentage, thus a total of 279 QTL for body weight and body fat (Table 3) . Tables 1 and 2 summarize our selection of the breeding experiments and the mouse strains used for the mapping of QTL for adiposity-related traits. A total of 42 different parental mouse strains (derived from 28 major strains) representing a wide range of phenotypic variation, including inbred, wild-derived inbred, and outbred mouse lines, have been used in these studies. More than half of the studies (19) analyzed male and female mice separately, whereas 10 studies characterized only male or female animals of the cross-breeding populations (Table 1) . On the average, determination of traits was performed around week 10, in eight of the studies body weight and/or body fat was Meta-analysis of QTL for body weight and adiposity S Wuschke et al measured in time course experiments ranging from 2 to 12 weeks. About a third of the studies employed feeding a highfat (410% wt/wt) diet for generating variation in obesityrelated traits (Table 1 ). All together, the studies contributed more than 14 500 offspring mice from mainly F2 intercrosses and backcrosses, which were genotyped for linkage of markers with adiposity and other obesity-related traits (mean: 338 animals/study). For genome-wide scans, the majority of the studies used panels of different mouse microsatellite markers to analyze the genotype of the mouse populations; the mean value was 111 markers per study, corresponding to a density of approximately one marker per 15 cM.
Crossbred populations and genetic analyses
Distribution of QTL in the mouse genome
We next generated a physical map of the QTL for body weight and adiposity. The peak markers for the 279 QTL were mapped to the mouse chromosomes using NCBI's UniSTS database (see Methods). As illustrated in Figure 1 , the QTL for body weight and body fat are not equally distributed within the mouse genome. Almost half of the QTL (125) map to only six chromosomes (Chr. 1, 2, 6, 7, 4, and 11), reaching a density of B1.5 QTL per 10 Mbp. On the other hand, only 15 body weight/fat QTL (B6%) have been mapped to chromosomes 3, 10, and 16, resulting in a density of B0.4 QTL per 10 Mbp. So far no adiposity QTL was found on the Y chromosome because this chromosome has never been included into linkage analyses. As the number of QTL per Mbp varies more than five-fold for the different chromosomes, there is no clear relationship between the size of the chromosome and the number of QTL localized. For 89 of the QTL, the authors provided confidence intervals, that is, markers for start position and end position of the QTL. Conversion of these marker positions to physical coordinates on the mouse chromosomes revealed a median length of the QTL of 32 Mbp, corresponding to approximately 380 genes per QTL. In order to visualize the distribution of QTL for body weight and body fat, we have developed a web-based tool and online repository of all QTL listed in this study (http://www.obesitygenes.org).
Meta-analysis of QTL for body weight and adiposity
We used the TPM that combines evidence from all the tests whose significance exceeds a certain threshold. 9 In our analysis, the Mouse genome was subdivided into 103 bins of approximately equal size (B25 MBp; see Methods). This bin Meta-analysis of QTL for body weight and adiposity S Wuschke et al size results from the mean number of markers (111) used per study (roughly corresponding to the number of bins) and ensures that on the average there is at least one marker genotyped in each bin by the studies and the smaller chromosomes are made up of X2 bins. In fact, this bin size has been shown previously to maximize correlation within bins and to reduce correlation between bins. 13 Nevertheless,
as there are studies with o103 markers, some intervals are not covered by markers in every study (Table 1) . For the analysis, we included QTL with LOD scores ranging from 1.2 to 16.8 that are linked with either body weight (bw), adiposity (fw, f%), or both. The mean values for the LOD scores were 4.4 for body weight and 4.7 for adiposity, For 42% of the QTL (117), LOD scores 44.3 were reported, 25% of the QTL (70) had LOD scores o3.0. The LOD score values for the QTL were converted into P-values as described in the Methods section, and allocated to one of 103 corresponding bins depending on the map position. In several cases, multiple QTL from a single study mapped into the same bin. To prevent redundancy in the analysis, we then Du6i Â DBA/2: bw: : Epfq1 (9.5), Epfq2 (4.6), Epfq4 (3.5), Epfq5 (3.4), Scfq2 (4.4), Scfq3 (4.1), Scfq4 (4.1); f% 1, 5) : Epf%q1 (6.0), Epf%q2 (3.8), Epf%q3 (3.6), Epf%q4 (3.4), Scf%q1 (3.9) 91 MH Â C57BL/6J: bw: Epb4. Given are mouse cross and parental strains, trait, QTL (LOD score), and reference. For fat traits, depots analyzed were 1) gonadal fat (epididymal/parametrial), 2) retroperitoreal, 3) inguinal, 4) mesenteric and 5) subcutaneous (femoral). Methods for determination of total fat employed were 6) dual-energy X-ray absorptiometry (DEXA), 7) chemical extraction, and 8) estimation via dry matter. w) QTL names have been assigned in this study. Features of the studies and strains are listed in Tables  1 and 2 .
Meta-analysis of QTL for body weight and adiposity S Wuschke et al excluded the QTL with the lower LOD score so that only one QTL from a given study per bin would be allowed to contribute to the calculations.
As illustrated in Figure 2 , the result of our meta-analysis provides evidence of linkage (Po1 Â 10
À5
, corresponding to LOD44.3) of body weight and adiposity to 49 ; LOD scores B14.8-21.8) cover only a small fraction of the bins (B8%) and collectively contain the peak markers for 46 QTL (16%) for body weight and body fat, corresponding to a (B2-fold) enrichment. However, of the 117 QTL with LOD scores 44.3, 33 QTL (i.e. B30%) are found in these bins, corresponding to an B4-fold enrichment of highly significant QTL in these regions. When considering also flanking regions, a total of 58 QTL map into these eight consensus segments. Conversely, for 10 out of 103 bins, corresponding to B10% of the mouse genome, no QTL were found to map within the designated region. Figure 1 Physical map of mouse QTL for body weight and body fat. The peak positions for 202 QTL from 34 published genome-wide scans for body weight and body fat were localized to the mouse genome as described in the 'Methods' section. QTL were categorized for body weight (blue), fat weight (red), fat percentage (green) on the basis of the highest LOD scores value. QTL with LOD score 43.0 for both traits, body weight and body fat, are marked cyan.
w Denotes QTL names that have been assigned in this study. An interactive physical map of the QTL is available online at http://www.obesitygenes.org.
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As body weight and body fat are highly correlated, we also calculated TPM for both traits combined. Because several studies reported overlapping QTL for both traits, we allowed only one QTL per study per bin to be included into the nonredundant list; its selection was made on the basis of the highest LOD score value. Even though the obtained P-values for most segments decreased by one or more orders of magnitude when QTL for body weight and body fat were combined for the meta-analysis, there was little change in the overall distribution of the P-values. The corresponding P-values for three segments, bin 25, 61, and 83, were below the significance threshold (P41 Â 10 À5 ; LOD o4.3) for both individual traits, body weight and body fat. However, when TPM was calculated for the combined trait, corresponding P-values o4.2 Â 10 À6 (LOD B4.8-5) were obtained. In contrast, TPM of combined traits decreased the LOD score values for bin 19 and bin 33 below 4.3, which both showed LOD score values of B4.5 (P B9 Â 10
À6
) for one single trait, respectively.
Syntenic regions on human chromosomes
To investigate possible candidate genes for the regulation of body weight and adiposity within the consensus regions, we have localized candidate genes for obesity from transgenic and knockout mouse models. In addition, we have mapped the most prominent consensus regions to the human genome. The initial sequencing of the mouse genome revealed that roughly 90% of the mouse and human genomes can be partitioned into corresponding regions of conserved synteny, reflecting segments in which the gene order in the most recent common ancestor has been conserved in both species.
14 According to this analysis, these segments consist of 217 conserved syntenic blocks with an average length of B23 Mbp. Mapping of the eight most prominent regions from mice to the human genome revealed 40 syntenic fragments on 13 human chromosomes, which contain 18 candidate genes and genetic loci from human studies, three genetic loci implicated in human genetic syndromes with obesity, and 13 genes that affect obesity-related traits in rodent models ( Figure 3) . Collectively, the bins with the five highest LOD scores for body weight (8, 11, 14, 41 , and 62; P ¼ 1.1 Â 10 À13 -9.9 Â 10
À27
; LOD scores B15-21.8) and body fat (11, 14, 41, 42, 82 , and 89; P ¼ 2.4 Â 10 À8 -7.6 Â 10
À17
; LOD scores B7.0-17.2) contain a total of 46 QTL for body weight (26) and body fat (20) .
According to studies of mouse mutants, several genes have been demonstrated to play roles in the regulation of adiposity and body weight, including agouti signaling protein (ASIP), CCAAT/enhancer binding protein alpha (C/ EBPA), diacylglycerol O-acyltransferase 1 (DGAT1), dipeptidylpeptidase 4 (DPP4), hydroxysteroid 11-beta dehydrogenase 1 (HSD11B1), luteinizing hormone beta polypeptide (LHB), McKusick-Kaufman syndrome protein (MKKS/BBS6), pancreatic colipase (CLPS), perilipin (PLIN), peroxisome proliferator activator receptor delta (PPARD), phospholipid scramblase 3 (PLSCR3), and secreted protein acidic and rich Meta-analysis of QTL for body weight and adiposity S Wuschke et al in cysteine/osteonectin/BM40 (SPARC). [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Moreover, sterol regulatory element-binding transcription factor 1 (SREBP-1) has been shown to play major roles in adipogenesis and lipid metabolism. 26 Ten human genetic loci with evidence for linkage with obesity-related phenotypes (body mass index (BMI), D17S947, D19S414, D20S482, D20S851; body composition D15S657, insulin-like growth factor 1 receptor (IGF1R), tumor necrosis factor (TNF), complement factor B (BF); body weight, glyoxalase I (GLO1), and RQ, Na,K-ATPase alpha2 subunit (ATP1A)) map into the eight most significant bins [27] [28] [29] [30] [31] [32] [33] Moreover, human association studies for obesity revealed at least eight candidate genes which map into these 42 and Prader-Willi syndrome chromosome region (PWCR), where a decrease in expression of one or more paternal genes, located in the human 15q11-q13 region, causes the most common form (B1:10 000) of syndromic obesity in humans. 43 As shown in Figure 3 , three other candidate genes implicated in the regulation of body weight, interleukin 1 alpha (IL1A), growth hormone releasing hormone (GHRH), and G protein-coupled receptor 24 (Melanin concentrating hormone receptor 1; GPR24) map very closely to the consensus regions of bin 14 and bin 82. [44] [45] [46] Thus, a total of 34 candidate genes or genetic loci, which have been implicated in regulation of body weight and body composition in rodents and/or humans, are found in the most prominent QTL consensus regions ( Figure 3 ).
Discussion
For our analysis, we have used data from 34 independent genome-wide scans for obesity-related traits of various crossbred mice (Table 1) . In these studies, 42 different parental inbred mouse strains and outbred mouse lines (derivatives of 28 major lines) have been used in backcross and intercross experiments to produce phenotypic variation in the offspring population ( Table 2 ). The set includes many commonly used inbred strains as well as genealogically unrelated strains including CAST/Ei, which represents a different subspecies of Mus musculus (M. m. castaneus) and SPRET/Ei, which is a different mouse species (M. spretus). 47 As a result, there is considerable variation among the mouse strains concerning body weight and body composition. For instance, around week 10, mean body weights ranged from B14 g (e.g. SPRET/Ei, CAST/Ei) to 433 g (e.g. KK/HIJ, AKR/J, NZO) where the body weights for the standard laboratory strains C57BL/6 and DBA/2 were close to the overall mean of B24 g. 48 About half of the 34 studies involved C57BL/6 or a derivative strain as a parent, mostly (but not exclusively) as the lean partner (Table 2) . DBA/2 mice were used second frequently (five studies) as parental animals, either as the relatively lean breeding partner or in conjunction with C57BL/6 for the analysis of epistatic induction of obesityrelated traits. Diet-induced obesity has been another strategy frequently employed for generating variation in obesityrelated traits within the cross-breeding populations that is independent of the body weight of the parental strains (Table 1 ). In contrast, relatively few studies utilized mouse strains with pronounced polygenic obesity such as KK, NZO or TSOD mice as breeding partners, indicating that there might be a bias toward certain genetically non-obese laboratory mouse strains in obesity QTL studies (Table 2) . Moreover, as most studies did not report body length, it is likely that some QTL from certain cross-bred populations may reflect the size of the animals rather than fatness. Nevertheless, for a meta-analysis, the use of a large number of unrelated strains for cross-breeding experiments should minimize the effects of linkage and random fixation, resulting in a more robust strain correlation of a trait's covariation in segregating crosses. 49 Several obesity-related traits (such as body weight and fat mass) were measured in the same study, and in many cases these QTL for single obesity component traits showed substantial overlap in their position and confidence intervals, indicating that the observed proximity of QTL for multiple traits might be the result of pleiotropy and/or linkage of distinct genes. 50 Because body weight and body fat percentage are highly correlated, these observations implicate that the same genes might regulate body weight and adiposity. 4 In fact, for at least 13 QTL, evidence for linkage of body weight and body fat percentage was found within the same study, including Adip2, Adip3, Adip4a, Adip8, Bfq1, Bwnd5wk6, Do2, Do3, Do7, Kcal3, Nob1, Nzoq2, and Obq5. [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] It appears that most of these QTL involved cross-breeding experiments with parental mouse strains that show a relatively high (AKR, NZO, KK) and low (CAST, SM, SJL) body weight and (Figures 2 and 3) . The contribution of QTL to certain consensus regions apparently correlates with the parental mouse strain. For instance, all three body weight QTL for the consensus body weight region in bin 41 (Chr. 7, 26.6-53.2 Mbp; LOD 14.7), Bw6f, Bwnd5wk4, and Bw14, were derived from mouse crosses where in each case DBA/2 mice were one of the parental strains (C57BL/6J Â DBA/2J, NMRI8 Â DBA/2OlHsd, and Du6i Â DBA/2). Likewise, two of four QTL that map into the consensus region bin 82 (Chr. 15, 52.05-78.1 Mbp) came from two independent C57BL/6J Â DBA2/2 crosses. 61, 62 Moreover, three of the seven QTL which map to bin 11 (Chr. 2, 51.9 À77.9 Mbp; C10bw1, Q2Ucd1, and Mob7) were derived from independent crosses between CAST and C57BL/ 6J mice. [67] [68] [69] [70] Thus, one might speculate that in these cases the observed phenotypic variation correlates with a certain strain-specific allele.
In addition to strain aspects of QTL for body weight and body fat, several studies have provided evidence that different genetic loci might control obesity component traits at different ages of the animals. Moreover, gender effects as well as different diets are clearly important factors that have to be considered in the regulation of body weight and body fat. As a consequence, some QTL may be specific to the developmental stage, sex or diet. Nevertheless, of the 46 QTL that map into the most significant consensus regions, only five QTL originate from studies that used a high-fat (410% wt/wt) diet: Mob7, Bfq1, KK, Obq1, and Obq4b ( Figure 3 , Table 3 ). On the average, for these 46 QTL, the animals were phenotyped around week 10 (9.576 weeks; mean7s.d.), indicating that these QTL may reflect the action of genes controlling middle/late growth and adiposity in mice fed a low-energy diet. As more than half of the QTL were determined in crossbred populations of either male or female mice, or pooled sexes, respectively, there is insufficient data available to consider gender specificity of the QTL (Table 1 ).
An analysis of the TPM results revealed that many of the bins with high LOD scores map to syntenic regions on human chromosomes that have been implicated in the regulation of body weight and obesity (Figure 3) . Interestingly, a recent genome-wide linkage analysis on 336 families from the Framingham Heart Study found evidence for linkage for long-term weight change on chromosome 20 (D20S481; LOD score 3.1) and chromosome 1 (D1S1644; LOD score 2.3), where the syntenic regions map either within or near a consensus region for body weight found in our analysis (D1S1644 maps to bin 8 on mouse chromosome 1 at 43.2 Mbp close to HSD11B1, and D20S481 maps to bin 15 on mouse Chr2 at 222.8 Mbp close to ASIP), indicating that QTL for body weight increase in mice might indeed overlap with QTL for body weight decrease in humans. 71 Thus, in addition to clustering of QTL, there is a striking Meta-analysis of QTL for body weight and adiposity S Wuschke et al overlap of these regions with candidate genes and markers implicated in control of body weight and body composition in rodents and humans. QTL mapping of complex traits is a promising technique, and the generation of novel rodent models, congenic and consomic lines [72] [73] [74] [75] as well as application of bioinformatics methods, 76 including comparative genomics and genomewide haplotype analysis have provided progress towards identification of the genes responsible for the effects of a QTL. Our study may provide guidance for a further systematic investigation of candidate genes within the consensus QTL regions, and application of high-density single nucleotide polymorphism (SNP) maps. We hope that in addition to the existing databases for obesity QTL, 3,77 our interactive physical map will be a useful online tool for the visualization and data mining of mouse QTL for body weight and adiposity (http://www.obesitygenes.org).
